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Abstract 
New and synthesized information about linked carbon (C), nitrogen (N), and phosphorus (P) cycles in Lake Superior 
indicate the ways that Earth’s largest lake by area can be considered extreme, unusual, or an end member among lakes. 
Lake Superior is characterized by low P concentration but excess nitrate and high TN:TP and NO3
−:PO4
3− ratios. Nitrate 
levels continue to rise in Lake Superior. Rates of primary productivity are modest, but due to spatial structuring as well as 
long food chain lengths, only small fractions of that organic carbon are likely usable by top trophic levels. Similarly, due to 
great depth and consequent efficient C cycling, low organic C concentrations are present at the redox boundary in the lake 
sediments. In this study, changes in biomass C, N, and P as a function of season and depth are presented for Lake Superior 
in more detail than previous studies. Linkages between biomass and P were weak at best, which was unexpected given the 
N:P imbalance in the lake. Both seston C and chlorophyll showed distinct mid-depth maxima, but these relatively large 
biomass pools were spatially removed from the main stratum involved in primary productivity. Seston P also was most 
concentrated within the mid-depth biomass maximum. Lake Superior is unusual among lakes in terms of N:P balance, and 
the limited availability of organic C to promote denitrification is a plausible mechanism to explain this.
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Introduction
Lake Superior is an immense social and cultural asset and a 
globally significant reservoir of clean fresh water. However, 
an understanding of this environment’s limnological 
functioning has been slow to develop. A recent increased 
pace of research is generating new insights into this and 
other large lake ecosystems, and Lake Superior is increas-
ingly valued for scientific research opportunities. Beginning 
with its distinction of being Earth’s largest freshwater body 
by area, Lake Superior is often characterized by extremes. 
Considering this lake as a limnological end member, I 
assessed what is known about critical aspects of Lake 
Superior’s biogeochemical functioning relative to other 
environments, with an emphasis on C:N:P stoichiometry. 
General productivity relationships are as follows. Lake 
Superior’s waters are transparent (vertical extinction coef-
ficients range from ~0.15 to 0.25 m−1), and the lake is often 
considered to be “pristine.” Although some nearshore areas 
near urban centers are environmentally degraded, there 
are no widespread, noticeable eutrophic conditions in the 
offshore. Oxygen is at near-saturation levels throughout the 
lake to the bottom year-round. Lake Superior has been char-
acterized as “ultraoligotrophic” (e.g., Ostrom et al. 1998, 
Munawar et al. 2009), but as discussed later, this charac-
terization is probably unwarranted given the rate of primary 
production in the lake. A highly unbalanced organic carbon 
(C) budget, with losses >> gains, has drawn attention 
(Cotner et al. 2004, Urban et al. 2005, Urban 2009a) and 
probably signals some current misunderstanding of one 
or more key ecosystem processes. Some have argued that 
Lake Superior has been subject to eutrophication in the 
past. Sediment biogenic silica accumulation observed in 
a single location in the lake shows an increase between 
1850 and the present, with greatest rate of change ~1900; 
this trend has been interpreted as a historical increase in 
phosphorus (P) within a range below the limit of chemical 
detection (Schelske et al. 2006). Also, Urban (2009b) used 
historic chlorophyll (Chl) and phosphorus data to support 
the idea of eutrophication in the early 20th century, followed 
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by a recovery. However, landscape changes that could be 
behind such hypothesized changes in nutrient loading have 
not been identified. A trend of increasing nitrate, discussed 
more fully later, is well established. 
Biogeochemical parameters in Lake Superior that might 
be considered extreme include P and nitrogen (N) con-
centrations. Phosphorus concentrations are quite low; few 
lakes have total phosphorus (TP) as low as Lake Superior. 
Soluble reactive phosphorus (SRP) concentrations are as 
low as any measured, even in the Sargasso Sea. Nitrogen 
concentrations are extremely high in the context of such 
low P concentrations. 
Due to Lake Superior’s small watershed to lake area 
ratio, deep mixing, cold (but warming; Austin and Colman 
2007, 2008) temperatures, and low P and micronutrient 
concentrations, primary production and thus the supply of 
organic C are expected to be low. There is evidence for P 
limitation of algal growth (Schelske et al. 1972, Rose and 
Axler 1998). In addition, low levels of dissolved iron (Fe; 
Nriagu et al. 1996) are insufficient to meet P-amended 
growth demands, and the lake has been characterized as 
being on the cusp of macro- and micronutrient limitation 
(Sterner et al. 2004). 
An unusual biological feature of Lake Superior is 
that the historic offshore top trophic levels of coregonids, 
(especially the 2 dominant species: kiyi [Coregonus kiyi] 
and cisco [C. artedi]) and siscowet lake trout (Salvelinus 
namaycush siscowet) have been restored to self-sustain-
ing levels (Bronte et al. 2003, Hrabik et al. 2006, Gorman 
and Hoff 2009, Schmidt et al. 2009). This is a major 
management success story (Kitchell et al. 2000). Although 
the present study does not deal explicitly with fish, the top 
predator populations bear mention because of the known 
importance of predators in nutrient cycles (Kitchell et al. 
1975, Vanni et al. 2002). Several species of coregonids 
formerly found in the lake apparently are extirpated, and 
exotic food web members including sea lamprey are 
significant players, but the modern fisheries have a large 
component of native stocks much closer to their preindus-
trial state than the fish communities of any other Laurentian 
Great Lake. Few large lakes have top predators as close 
to a native state as Lake Superior, and this is, from one 
perspective, one of Lake Superior’s extremes. Another 
biological phenomenon of interest is the presence of distinct 
clades of picocyanobacteria in the offshore (Ivanikova et 
al. 2007). Presumably the lake’s extreme conditions create 
unique evolutionary selective forces. 
The principal focus in this study is on C:N:P stoichi-
ometry of dissolved and particulate pools. Seston includes 
algae, microbes, and nonliving matter. According to data in 
Biddanda et al. (2001), the size fraction <1 µm makes up 
52% of particulate organic carbon (POC), 39% of particulate 
organic nitrogen (PON) and 65% of particulate phosphorus 
(PP) in Lake Superior. Although this fraction is sometimes 
thought of as the “bacterial” pool, small autotrophs are 
important contributors in Lake Superior (Ivanikova et al. 
2007). Algae are often a major, if not dominant, component 
of seston. Algal C:N:P reflects multiple forcing factors, 
including light, temperature, nutrient supply, and growth 
rate (Sterner et al. 1997, Hessen 2005). Therefore, seston 
C:N:P may be a useful diagnostic tool to understand these 
factors in any given environment. Additionally, seston C:N:P 
affects and is affected by secondary production and nutrient 
recycling (Sterner and Elser 2002). The seston stoichiometry 
of most lakes has been characterized solely by epilimnetic 
C:N:P, but such a description is incomplete, especially in 
deep lakes such as Superior. Vertical gradients in the forcing 
factors listed earlier are expected, and the vertical variability 
in seston C:N:P ratios is likely important in understanding 
zonation of aquatic organisms as well as vertical migration 
through different layers. Organisms migrating through 
element ratio gradients may be adapted to store elements 
in one layer and use them for growth in other layers (Hood 
and Sterner 2010). In addition, changes in C:N:P between 
surface and deep layers indicate the relative importance of 
net respiratory and mineralization processes of different 
elements occurring at depth as well as the importance of 
primary production near the surface. Seston composition is 
also an integrative measure of biomass and thus provides 
information on seasonal waxing and waning of living 
organisms. 
Redfield (1934, 1958) surmised that the matching stoi-
chiometric proportions of C, N, and P in surface ocean 
seston, compared to changes in ratios of dissolved elements 
in deep water, meant that the chemistry of the ocean had a 
biological basis (Falkowski 2000). Given sufficient time and 
adequate conditions to support the necessary biogeochemi-
cal processes, when C or N (elements with gaseous phases) 
is in excess compared to P, it can be removed via respiration 
or denitrification (Lenton and Watson 2000). Similarly when 
C or N is in deficit, it can be added (via photosynthesis or 
N fixation). This view puts P as the ultimate regulator of 
production of the world’s oceans over geologic time scales 
(Falkowski et al. 1998, Lenton and Watson 2000). Over 
shorter time scales, other processes may take precedence, and 
the Redfield balancing of N to P is more complex (Sterner et 
al. 2008). Similar N:P balancing mechanisms, such as adding 
N when in short supply or subtracting it when in excess, 
have been invoked for soil (Walker and Syers 1976) and lake 
(Schindler 1977) ecosystems. 
Superior is an exceptional lake in terms of the balance 
among C, N, and P. The earliest records of nitrate in the lake 
were ~5 µmol L−1 in 1906–1907. An unusually complete, 
century-long record of [NO3
−] (brackets denote concen-
tration) exists for Lake Superior, and the concentration 
increased more or less steadily for decades. Today, [NO3
−] 
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in deepwater is more than 5-fold higher than was observed 
near the beginning of the 20th century. Similar concentra-
tions of [NO3
−] occur in most of the other Laurentian Great 
Lakes. At first, the long-term nitrate rise in Lake Superior 
was attributed to a buildup of atmospheric-derived NOx 
(Bennett 1986, Ostrom et al. 1998). However, several lines 
of evidence now indicate that the lake’s N cycle is actively 
producing nitrate, and that conservative buildup of atmos-
phere-derived NOx is not the explanation for the nitrate 
rise. Evidence against the NOx hypothesis includes mass 
balance calculations showing insufficient loading of nitrate 
to account for the in-lake changes plus outflow (Sterner et 
al. 2007); a strong discrepancy in N and oxygen (O) stable 
isotopes between NO3
− in the lake versus in precipitation 
or inflow (Finlay et al. 2007); and rapid measured turnover 
rates (Kumar et al. 2008). The nitrate rise is behind an 
imbalance of N versus P in this lake. 
These multiple factors of enormous size, unusual 
biology, and extreme stoichiometry, lend Lake Superior 
great scientific value. Exploring extremes potentially gives 
us information about the structuring forces that impart 
system structure. This paper, part review, part analysis 
of previously unpublished data, explores Lake Superior 
extremes in more detail. 
Study site
Lake Superior, formed by combined glacial and tectonic 
forces, has an area of 82 100 km2, a volume of 12 100 km3, 
an average depth of 147 m, and a maximum depth of 406 m; 
its drainage basin area is 128 000 km2 and the hydraulic 
residence time is 170 yr (Schertzer and Rao 2009). The lake 
spans 7o of longitude and 2.5o of latitude. The bottom of the 
basin is below sea level. Ice cover is highly variable from 
year to year and is decreasing (Assell et al. 2003, Assel 
2009). The watershed is largely forested, with 35% conifers, 
23% conifer and hardwood mix, and 25% hardwoods. 
Only 0.3% of the land cover is developed, and 1.2% is in 
agriculture (http://www.nrri.umn.edu/lsgis/landuse.htm). 
Methods 
The new data presented in this paper are from a set of 
668 depth-site observations made during 32 station 
occupations of offshore Lake Superior locations conducted 
by a single research group during 2000–2008. These studies 
encompassed several research projects, but a consistent 
set of methods was followed. With few exceptions, data 
were obtained for the western half of the lake, and 2 
stations were heavily represented: CD-1 (276 observa-
tions, 47°3′09″N; 91°25′55.2″) and WM (107 observa-
tions, 47°19′58.8″N; 89°48′0″; for a map, see Kumar et al. 
2007). Although a complete absence of horizontal variation 
across the entire lake is beyond expectation, comparisons of 
limited samplings from points in the eastern portion of the 
lake to the majority of the data presented here suggest that 
these data are representative for the whole offshore. Others 
have noted a general spatial uniformity across offshore 
Lake Superior. For example, Secchi-determined transpar-
ency has limited spatial variation in the offshore (e.g., Fig, 
3d in Schertzer and Rao 2009) and production to respiration 
ratios were found to be homogeneous across the lake from 
east to west (Russ et al. 2004). Similarly, bacterial biomass 
has been reported to show little spatial variability in the 
lake (Munawar et al. 2009). All data presented here are 
from samplings performed >5 km from shore. Addition-
ally, data from some stations greater than this distance from 
shore, but which had noticeably higher mean Chl than the 
other data, were not included to avoid nearshore influence. 
Thus, all samplings were considered to be representative 
of offshore conditions in the lake. The earliest sampling in 
the year was 31 January 2006 (at site CD-1) and the latest 
was 8 November 2007 (at site WM). Although the seasonal 
coverage here is believed to be the most complete record 
available for offshore Lake Superior, portions of the year 
still are undersampled due to logistical constraints. 
In the field, following a CTD (an instrument that 
measures conductivity, temperature, and depth) cast, water 
was collected from Niskin bottles into plastic acid-washed 
containers prerinsed with lake water. Depths sampled 
were not always consistent from station to station, and 
often they were chosen specifically to sample features of 
temperature or Chl fluorescence observed using the CTD. 
All samples except nitrate were 80 µm prefiltered. This 
step was intended to avoid including larger zooplankton 
and thus reduce sample variation, but in practice this pre-
filtering step had little to no effect due to low abundance of 
zooplankton and colonial algae. For particulate C, N, and 
P measurements, 1–1.5 L of lake water was collected onto 
precombusted 25 mm GF/F filters (for P, acid-rinsed on the 
filter tower prior to sample application), frozen, and then 
dried. Chlorophyll samples (typically 200–400 mL) were 
collected onto 0.2 µm nitrocellulose filters and frozen.  
Analytical methods are explained in more detail 
elsewhere (Finlay et al. 2007, Kumar et al. 2007, 2008, 
Sterner et al. 2007, Sterner 2010). Particulate organic 
carbon and PON were determined with a CHN analyzer (an 
instrument that measures carbon, hydrogen, and nitrogen); 
PP was determined with an autoanalyzer following 
persulfate digestion. Dissolved organic carbon (DOC), 
dissolved inorganic carbon (DIC) and total dissolved 
nitrogen (TDN) were measured on a Shimadzu TOC-Vcsh 
analyzer using a platinum catalyst; NO3
− was measured 
with an autoanalyzer. Molar units are used throughout 
this paper unless otherwise noted. Chlorophyll a (Chl-a) 
was determined fluorometrically on acetone extracts 
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(Welschmeyer 1994). For most analytes, 
duplicate samples were run, and only the 
mean is reported here. 
To summarize these different 
parameters over a seasonal time scale 
and through the water column, ensemble 
plots of multiple station occupations over 
the 9 yr period were plotted as a single 
“year.” This ensemble approach is meant 
to provide a baseline, mean-field repre-
sentation of the lake over these time and 
space scales. Within these assumptions, 
this approach provides the most complete 
representation of seasonal and depth-re-
lated variability in Chl and major biogeo-
chemical pools in Lake Superior available 
to date. 
After initially plotting the different 
variables, the period Julian Day 210–252 
(29 July–9 Sept in non-leap years) was 
chosen subjectively to represent the 
“summer stratified” period because 
values within this time window exhibited 
greatest differences in means from the 
rest of the data, and because vertical 
differences were most noticeable then. 
The true stratified period varies from 
year to year in the lake. During this 
stratified period, depth layers considered 
were “surface” (≤ 20 m), and deep Chl 
maximum (DCM) (21 < depth < 40). 
Results
Chlorophyll and carbon
These two measures of biomass exhibited 
low values with little variation during the 
early part of the year (Fig. 1). Their con-
centrations then increased, with greatest 
values observed in early August. A 
midsummer maximum characterized the 
seasonal dynamics of both Chl and POC. 
Previous studies have remarked on the 
muted nature of the seasonal dynamics of 
phytoplankton biomass in Lake Superior 
compared even to other large lakes (e.g., 
Munawar et al. 2009). Summer depth 
profiles (Fig. 2) both showed pronounced 
maxima at mid-depth. The DCM is 
already known to be a persistent and 
prominent feature of the lake’s primary 
producers (Barbiero and Tuchman 
Fig. 2. Concentrations of (A) Chl and (B) POC vs. depth for summer offshore observations 
(Julian Day 210–252). The shaded depth band represents the DCM zone as defined here. The 
Deep Chl Maximum (A) is apparent and mirrored by particulate carbon (B). The pronounced 
Deep Chl Maximum in the Lake Superior water column is a major feature of the autotrophs 
in the lake.
Fig. 1. Concentrations of (A) POC and (B) Chl in offshore Lake Superior as a function of 
day of year for Lake Superior during multiple offshore station occupations over 2000–2008. 
For depths see legend. Biomass peaks represented by POC are 2–2.5× higher in summer, 
especially within DCM depths, than in winter or at depth.
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2001,   2004, Sterner 2010). In Lake 
Superior, Chl typically was greatest below 
the depth of the maximal temperature 
gradient. Because the Chl content of algae 
varies with light and other parameters, 
a mid-depth maximum in Chl need not 
necessarily represent a true biomass 
maximum. Carbon to Chl ratios did vary 
through the water column; summertime 
values (g:g, mean ± sd, N) in the 0–20 m 
depth layer were 198 ± 60, 36, and in the 
21–40 m layer were 152 ± 76, 21. Nev-
ertheless, there is not only a maximum in 
photosynthetic pigments at mid-depth, but 
also a maximum of biomass (Fig. 2B). 
There was measureable Chl in the Lake 
Superior water column at depths >100 m, 
even during summer. 
Concentrations of DOC (Fig. 3 
were ~10× the concentrations of POC 
(Fig. 1 and 2) with no strong seasonal or 
depth-related variation. Concentrations of 
DIC measured via TOC analyzer are lower 
than those inferred from alkalinity and 
pH.  TOC-based measurements generally 
fall in the range of 775–803 µmol L-1 
(Minor and Stephens 2008; Sterner 2010; 
Zigah et al. 2011; this study).  Alkalinity is 
840 ± 8 microequivalents/L (Strom 
2007) and DIC measured from pH and 
temperature together with this value of 
alkalinity average 875 µmol L-1 (Strom 
2007).  The lake is a source of carbon to 
the atmosphere in the spring and approxi-
mately neutral in summer (Atilla et al. 
2011).” Overall, DIC dominated the lake’s 
C pools, and the POC pool accounted 
for ~1% of C in the lake (Table 1). Lake 
Superior’s [DOC] is lower than in nearby 
smaller lakes (Dillon and Molot 1997, 
Kelly et al. 2001). The CTD-measured pH 
averaged 8.1 (SD = 0.48, n = 348), and 
thus most DIC was in the form of HCO3
−. 
Nitrogen
Nitrate has been rising over the past century (Bennett 
1986, Sterner et al. 2007). The clearest year-to-year 
signal in NO3
− can be seen in cold water samples 
(Fig. 4). Concentrations of NO3
− in Lake Superior have 
risen to 27 µmol L−1 year-round in deep water and exhibited 
an epilimnetic drawdown of ~3 µmol L−1 during the 
summer (Sterner et al. 2007, Sterner 2010). In contrast, 
ammonium concentrations are submicromolar (Kumar et al. 
2007). The ammonium concentrations reported by Kumar 
et al. (2007) used a sensitive fluorometric technique, for 
which an improved correction for background and matrix 
has since been suggested (Taylor et al. 2007). Assessment 
Pool µmol L−1
DIC 775–875
DOC 110
POC 5–15
Table 1. Biogeochemical pools of carbon in Lake Superior.
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Fig. 3. Concentrations of DOC vs. day of year for all depths (see legend). There is little 
evidence of spatial or temporal variation in this carbon pool over these scales. The average 
[DOC] is 109.7 µmol L−1.
1940 1950 1960 1970 1980 1990 2000 2010
Year
10
15
20
25
30
N
O
   
(µ
m
ol
 L
  )-1
1996 2000 2004 2008 2012
22
23
24
25
26
27
28
y = -242 + 0.13x
p = 0.03
3
Fig. 4. Changing nitrate concentration in cold water (>75 m year-round plus winter surface 
samples) in Lake Superior. Data come from multiple sources (see Sterner et al. 2007 for 
details), and annual means are presented here. This plot is an updated version of the one 
in Finlay et al. (2007) using unpublished data from the author’s lab up to early 2010. Inset: 
linear regressions were attempted from 2010 back in time, and 11 years of data were needed 
to obtain a statistically significant trend. The nitrate rise appears to be continuing into the 
present day.
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of Lake Superior ammonium concen-
trations needs revision for greatest 
accuracy, but for the purposes of 
defining major N pools in this study, 
the low concentrations of ammonium 
have little bearing. Measurements of 
TDN in Lake Superior exhibited little 
seasonal or depth-related variation 
(Fig. 5). Seasonal variability of NO3
− in 
the surface water (Sterner 2010) should 
cause corresponding changes in the 
TDN pool, but seasonal or depth-related 
variation was not strongly apparent in 
measured TDN (Fig. 5), perhaps due to 
analytical variability. 
Over the year, PON was dynamic 
throughout the water column, ranging 
10-fold from ~0.2 to 2 µmol L−1 (Fig. 6). 
Variability was larger in summer than 
during well-mixed periods. During 
summer, [PON] was larger at depths 
<50 m than below this depth (Fig. 6B). 
There is no definitive mid-depth 
maximum PON. Overall, nitrate was 
the largest reservoir of N in the lake’s 
waters, and the PON pool accounted for 
~3% of the nitrogen (Table 2).
Phosphorus
Lake Superior’s SRP, total dissolved 
phosphorus (TDP), and even TP con-
centrations have presented significant 
analytical challenges to Lake Superior 
researchers (Baehr and McManus 
2003, Anagnostou and Sherrell 2008). 
Although this critical element has 
not been comprehensively described 
in this lake, some major features 
of P pools are becoming clear. The 
SRP (phosphate plus some unknown 
organic P contribution) is at or 
below the detection limit of standard 
methods (Table 3A). Anagnostou and 
Sherrell (2008) developed a modified 
Mg-precipitation method for use in 
freshwaters and, after also accounting 
for several potential interferences, 
reported Lake Superior’s [SRP] to be 
in the range of 0.4–11 nmol L−1. This 
range is similar to values measured 
with similar techniques in the Sargasso 
Sea (0.002–0.18 nM) and is lower than 
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Fig. 5. Concentrations of TDN vs. day of year. There is little evidence of spatial or temporal 
variation in this N pool over these scales. The average [TDN] is 30.0 µmol L−1.
Fig. 6. (A) Concentration of PON in offshore Lake Superior as a function of day of year. (B) 
Concentration of PON in offshore Lake Superior, summer stratified season, vs. depth. [PON] is 
highest in the surface layer and the DCM depths in the summer, though the DCM is not itself 
apparent in the PON. The shaded depth band represents the DCM zone as defined here.
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reports for other oceanic environments, including the West 
Mediterranean, the Pacific, and the Atlantic (Sohm and 
Capone 2010). Freshwater comparisons are more difficult 
because of differing methodologies, but SRP at or below 
the detection limit of standard methods is a common 
occurrence in freshwaters. There is some agreement 
regarding the concentration of TDP in Lake Superior 
(Table 3A). For the purposes of this study, a mean of 
the values (Table 3A; 0.036 µmol L−1) was assumed 
for further calculations. From this consensus, [TDP] 
and [SRP] measurements of Anagnostou and Sherrell 
(0.002 µmol L−1), organic P (0.036–0.002 = 0.034 µmol L−1) 
seems to dominate the dissolved P pool in Lake Superior; 
however, the contribution of inorganic P to particulate P 
measurements has not been assessed. Other chemical char-
acterization of this organic P pool awaits future studies. 
Variation of P pools in space and time are incompletely 
resolved in Lake Superior. A recent comprehensive review 
of information on P in Lake Superior (Urban 2009b) 
identified the following patterns: 
1. Offshore TP has dropped significantly from a range of 
0.06–0.16 µmol L−1 observed in the 1970s–1990s to a 
range of 0.03–0.1 µmol L−1 observed in the 2000s. 
2. Nearshore TP (measured in the Thunder Bay region) 
showed large, recurrent fluctuations over a timescale 
of several years, matching offshore concentrations in 
some years but greatly exceeding offshore concentra-
tions in other years.
3. After correcting for year-to-
year differences, nearshore TP was 
~20% higher in October–February 
than in May–July. 
Seasonal variation in P pools in 
the offshore is still uncertain, and 
there have been only a few meas-
urements of dissolved P across 
multiple depths during stratified 
periods using sensitive methods. 
These limited studies found little 
to no variation in [TDP] or [SRP] 
with depth (Baehr and McManus 
2003, Anagnostou and Sherrell 
2008). Particulate PP, however, can 
be measured by filtering relatively 
large volumes of water onto filters, 
thus enhancing the signal to noise 
ratio that plagues measurements of 
other P pools in this lake. Our meas-
urements of PP showed no strong 
seasonal changes in mean, only 
greater variability during summer 
than winter (Fig. 7). Much of this 
variability in the summer stratified 
period was depth-related. During 
summer stratification there was a 
distinct maximum of PP in DCM 
depths (Fig. 7B). Note that because 
PP changes with depth (Fig. 7B), 
TDP and TP cannot both be constant 
with depth because TP = PP + 
TDP. There was vertical structure to 
P pools in summer stratification of 
Lake Superior, but how TP or TDP 
varies with depth is not currently 
known. This is a significant gap in 
understanding of basic functionality 
in this lake. 
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Fig. 7. (A) Concentration of PP in offshore Lake Superior as a function of day of year for all depths 
(see legend). (B) Concentration of PP in offshore Lake Superior, summer season, vs. depth. Seasonal 
variation is muted compared to some of the other nutrient pools, but the DCM is apparent. The 
shaded depth band represents the DCM zone as defined here.
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To assess P pools in Lake Superior (Table 3B), I used 
the [SRP] from Anagnostou and Sherrell (2008). I used a 
mean [TDP] (Table 3A) and subtracted [SRP] to calculate 
dissolved organic phosphorus [DOP] and used the mean 
from this study for [PP]. These calculations show that more 
than 90% of all phosphorus in Lake Superior was in organic 
form. Approximately half was retained on a GF/F filter. 
Considering the low levels of dissolved P in Lake Superior 
and its known P-limited status, it is interesting to note that 
the PP pool, though somewhat variable across studies, was 
not greatly larger than the TDP pool. Lower levels of TDP 
might not be achievable given uptake kinetics, constant 
replenishment by the food web, and varying amounts of 
biological availability of the TDP pool. 
Stoichiometric ratios
Given the uncertainties described earlier in quantifying the 
low TP pool in Lake Superior, estimating the TN:TP ratio 
has not been routine. The TN:TP ratio ranged between 
30/0.08 = 375 and 32/0.08 = 400 (Tables 2 and 3). The cen-
tury-long nitrate increase is well documented, but historic 
records of P and of other N pools are poor. Nevertheless, 
the assumption that both the TN:TP and NO3
−:PO4
3− ratios 
have increased during the 1900s and into the 2000s seems 
valid. The nitrate to phosphate ratio was extremely high; in 
deepwater it has risen to 27/0.002 = 13 500 (Sterner et al. 
2007). 
Seston C:N:P varied over time and space in Lake 
Superior. Seston C:P in individual observations in this study 
ranged from ~50 to ~500, seston N:P ranged from ~5 to 
~50, and C:N ranged from ~5.5 to ~40. Mean seston ratios 
by depth zone were recorded (Table 4). 
During the summer, seston C:P exceeded the Redfield 
ratio of 106 at all depths, with greatest values in the surface 
layer (Fig. 8A). Summer seston N:P ratios were close to 
the Redfield ratio of 16 at depth, but like C:P, exceeded 
the Redfield ratio near the surface (Fig. 8B). Seston C:N 
ratios showed the least distinctive pattern with depth of 
these 3 ratios, but again the highest values were observed 
relatively near the surface (Fig. 8C). In comparison to 
deepwater particulate matter, Lake Superior surface seston 
was enriched in both C and N compared to P. Both C:P and 
N:P seston ratios are considered diagnostic of P limitation, 
and C:N is considered diagnostic of N limitation (Guildford 
and Hecky 2000). Seston N:P is considered diagnostic of 
P limitation when it exceeds 22, which it does in Lake 
Superior, primarily above the DCM (Fig. 8B). Seston C:P is 
considered diagnostic of moderate P deficiency in the range 
of 129–258 and of severe P deficiency when it exceeds 258. 
Above the DCM in summer in Lake Superior, C:P often 
was near or exceeded 258, and within the DCM it tended to 
fall in the range of moderate P deficiency (Fig. 8A). Seston 
Table 3A. Biogeochemical pools of phosphorus in Lake Superior as 
described in this and other studies (studies beginning with “U” come 
from Urban 2009b, “B&M” from Baehr and McManus 2003; U EPA, 
U EC, U KITES from Urban 2009b; “A&S” from Anagnostou and 
Sherrell 2008). Values in µmol L−1. “DOP”, the difference between 
TDP and SRP, is in quotes because SRP is widely known to contain 
some organic phosphorus as well as phosphate ion.
SRP TDP DOP PP TP
B&M 0.016 0.030 0.014* 0.018 0.048
U EPA na 0.032 na 0.023* 0.055
U EC na 0.065 na 0.048* 0.113
U 
KITES 0.006 0.032 0.026* 0.035* 0.068
A&S 0.002 0.021 0.019* na na
this 
study 0.044
mol:mol Summer, 
<20 m
Summer, 
DCM
Deep, year 
round
C:P 298 221 163
N:P 26.3 18.2 16.1
C:N 13.8 14.1 12.7
Table 4. Average stoichiometric ratios for the given subsets of the 
data. 
Table 3B. Summary assessment of biogeochemical P pools in Lake 
Superior. See text for explanation of derivation.
Pool µmol L−1
SRP 0.002
DOP 0.034
PP 0.044
TP 0.080*
*Calculated from other values in the same table. 
Table 2. Biogeochemical pools of nitrogen in Lake Superior. All 
values are from this study. Means are given for variables exhibiting 
little time- or depth-related variation. Ranges are given for more 
dynamic variables.
Pool µmol L−1
TDN 29.9
NO3
− Surface: 24–27
Deep: 27
NH3 <1
PON 0.2–1.6
DON = TDN – (NO3
− + NH3) 3–6*
TN = TDN + PON ~30–32*
*Calculated from other values in this table as indicated.
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C:N is considered diagnostic of moderate N limitation in 
the range of 8.3–14.6 and of severe N limitation above this 
range. Seston in Lake Superior fell within the moderate 
range throughout most of the water column and was often 
in the severe range at DCM depths and above. 
Discussion
The purpose of this contribution is to advance our under-
standing of the limnological functioning of Earth’s largest 
freshwater lake by area while asking what aspects other 
than area make it unusual or unique. Studying exceptions 
and extremes can be illuminating as to processes that 
impart structure, so what can limnologists learn from this 
inland sea aside from gaining knowledge about a globally 
significant reservoir of freshwater? 
Organic carbon availability
Any serious understanding of an ecosystem must include 
the dynamics of organic C. Organic C makes up about 
half of the biomass of all living things, and redox changes 
associated with formation and breakdown of organic C 
are among the most critical biogeochemical forces. Redox 
reactions involving C are coupled to other biogeochemi-
cal transformations, in particular key steps in the N cycle. 
Organic C is an important substrate for denitrification 
reactions, for example, and nitrification reduces carbon 
from CO2. Owing to these redox reactions involving C, a 
strong vertical redox gradient is ubiquitous in lakes, but its 
location differs (Hecky 2000). Where the concentration of 
organic C is high, the redox gradient will be in the water 
column, so that it will be open to material flow via both 
diffusive and turbulent forces. Where concentrations of 
organic C are lower, however, the redox gradient will be in 
the sediments, where movement of materials occurs solely 
by diffusion, and therefore is much slower. 
Organic C production and loss are coupled, but need 
not be perfectly offsetting. Terrestrial subsidies may often 
tip the metabolic balance in lakes, making them net hetero-
trophic (e.g., Cole et al. 1994). In Lake Superior, however, 
terrestrial inputs of ~0.5 Tg y−1 (Cotner et al. 2004) are only 
about 5% of the annual whole-lake primary productivity 
(Sterner 2010). The severe lack of balance in the current 
knowledge of the Lake Superior organic C cycle (Cotner 
et al. 2004, Urban et al. 2005) is problematic, but some 
important aspects seem relatively settled. For example, 
stable C isotopes suggest the offshore food web is relatively 
distinct from the nearshore and benthic food webs (Ostrom 
et al. 1998, Harvey and Kitchell 2000, Strand 2005, Urban 
2009a). 
Is primary production in Lake Superior 
extreme? The annual primary production in large lakes 
(>500 km2) can be predicted from basin and climatic 
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variables including latitude, insolation, mean annual water 
temperature, mean depth, and watershed to lake area (Alin 
and Johnson 2007). A recent investigation in Lake Superior, 
done with in situ 14C methodology widely used in ocean-
ography (Sterner 2010), determined peak volumetric pro-
ductivity of ~20 mg C m−3 d−1, water column productivity 
of 200–350 mg C m−2 d−1, and annual, 
lake-wide primary production of 
9.73 Tg y−1. The annual rate of primary 
productivity in Lake Superior is nearly 
exactly that predicted from a simple 
regression of production versus latitude 
for world large lakes (Fig. 9). This 
comparison shows that Lake Superior 
does not have extremely low production 
of organic C. Large lakes with annual 
production lower than Lake Superior 
include lakes Nipigon, Winnipeg, 
Vattern, Becharof, Naknetk, Iliamna, 
Ladoga, Onega, Paijanne, Great Slave, 
and Great Bear (Table 1 and S2 in 
Alin and Johnson 2007), all northern 
hemisphere lakes at higher latitude 
than Lake Superior. The importance of 
growing season characteristics is clear; 
as distance from the equator increases, 
the duration of open water shortens, and 
mean water temperature and summer 
insolation decrease. Latitude may have 
other less obvious influences, such as 
influencing mineralization rates in the 
watershed. Nevertheless, although Lake 
Superior can be characterized as an un-
productive ecosystem, it is not extreme 
in this important regard. Further, based 
on this modest rate of primary pro-
ductivity, Lake Superior does not 
warrant being referred to as “ultrao-
ligotrophic” and even runs on the high 
side of what is normally called “oligo-
trophic.” Nevertheless, other consid-
erations suggest that the availability of 
organic C to some critical pathways is 
low in this ecosystem. To see this, the 
fate of organic C in the lake must be 
considered. 
One consideration is the vertical 
structure of processes in the water 
column. Although Lake Superior has an 
average water column depth of almost 
150 m, 90% of primary production 
occurs at relatively shallow depths 
≤20 m (Fig. 10) so that the upper 13% 
of the water column is producing almost all the organic 
matter. In contrast, the greatest organic matter concen-
tration (Fig. 7) is below this depth, with 90% of biomass 
measured either by POC or Chl at depths ≤80 m (Fig. 10). 
Thus, during summer stratified conditions, most organic 
C is entering this ecosystem within the epilimnion, but 
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it does not accumulate there. Either most production is 
vertically transported downward, or most production is 
quickly cropped and respired by grazers or is otherwise 
moved out of the epilimnetic POC pool. Few studies have 
been conducted on the fate of organic C in Lake Superior, 
but considering the low sinking fluxes of the dominant 
tiny primary producers and the size ranges of particles 
collected by different aquatic grazers, the above considera-
tions lead strongly to a hypothesis that the modest levels 
of primary production in summertime in Lake Superior 
are rapidly grazed and ultimately respired within the upper 
20 m of the lake by an active consortium of microbial 
grazers. 
The small size of dominant Lake Superior primary 
producers (Fahnenstiel et al. 1986, 1998, Munawar and 
Munawar 2009, Sterner 2010) and the presence of large 
piscivores as top predators (Schmidt et al. 2009) together mean 
that many trophic steps must be involved in moving organic C 
from top to bottom of this food chain. Food chain lengths in 
Lake Superior must be extremely long because they start with 
the smallest of autotrophs and end with large piscivores. Lake 
trout have been assigned to between trophic level 4 and 5 in 
Lake Superior based on both stable isotopes and gut contents 
(Schmidt et al. 2009). This calculation assumes the main 
pathway for C is from primary producers to such herbivores 
as copepods and cladocerans. Smaller grazers, which are 
numerous (Munawar et al. 2009), have not yet been adequately 
considered in assessing food chain lengths in this lake. Trophic 
level positions of these top predators might even exceed 5 
when microbes are better accounted for. Given ecological ef-
ficiencies less than one, the modest level of primary production 
has many steps of potential diminution on the way to 
supporting large piscivores. 
Larger organisms from zooplankton to top piscivores 
inhabit deeper water layers permanently or for large 
portions of the day (Ahrenstorff et al. forthcoming 2011). 
Low particulate organic C in the epilimnion means 
reduced food resources for macrozooplankton grazers, 
which aggregate densely in the thermocline during the 
day (Megard et al. 1997) and migrate into the epilimnion 
mainly at night (Zhou et al. 2001). Many questions are still 
unanswered about the relationships among macrozooplank-
ton migrations, temperature, and food abundance in Lake 
Superior, but during summer the animals have a choice 
between a water layer with warm temperature and low 
food, and a water layer with low temperature and higher 
food, meaning there are 2 suboptimal habitats from the 
standpoint of zooplankton production. 
Finally, the great depth of water below the zone of active 
primary production increases the efficiency of breakdown 
of organic C as particles sink through many meters of water 
and reduces the delivery of organic C to the Lake Superior 
sediments. Organic C delivery to the bottom also is het-
erogeneous across the lake according to depth and currents 
(Evans et al. 1981). In summary, although direct measure-
ments of C fate are needed, the deep water column creates 
conditions where modest levels of production should be 
efficiently used by grazers and decomposers. The result 
is sediment with low organic C content and accumulation 
rate (Fig. 11). This plus the great hypolimnetic volume 
means that sediments are oxic and organic C concentra-
tions are low. Oxygen often penetrates >1 cm into Lake 
Superior sediments (e.g., Carlton et al. 1989, Richardson 
and Nealson 1989). 
To summarize, the overall production of organic matter 
in Lake Superior is not extremely low, but other consid-
erations suggest that organic C processing emphasizes 
shallow, oxic, microbial activities. Microbial dominance 
and a deep water column mean that a large fraction of 
primary production is likely respired before either fueling 
production of upper trophic levels or before accumulating 
in sediments. Spatial segregation of production and accu-
mulation of organic matter adds its own bottleneck to the 
process of moving organic matter from autotrophs to fish. 
Phosphorus as an ecosystem driver
Multi-element limitation may be the rule in freshwaters 
(Elser et al. 2007, Lewis and Wurtsbaugh 2008), especially 
over the time scales of microorganism growth or seasonal 
dynamics (Sterner 2008). However, with its extreme stoi-
chiometric imbalance, Lake Superior seems to be a system 
exhibiting strong couplings between P and biomass or C. 
Bioassay experiments (Schelske et al. 1972) support the 
idea of a P-limited ecosystem, as does the relatively high 
C:P and N:P ratios observed in seston. Dissolved Fe concen-
trations are also low in Lake Superior (Nriagu et al. 1996), 
and other experimental studies suggest that producers in 
Lake Superior are on the cusp of macro- (P) and micronu-
trient (Fe) limitation (Sterner et al. 2004). Further, light and 
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temperature are factors that must be considered (Fahnenstiel 
et al. 2000). 
It therefore is interesting that the dynamics of both Chl 
and POC have been difficult to connect to changes in P 
pools in Lake Superior. Halfon (1984) for instance noted 
an absence of correlation between PP and Chl. Urban 
(2009b) discussed how significant nearshore changes in TP 
connected only weakly (5% of variation explained) to Chl, 
and he hypothesized the existence of largely bio-unavaila-
ble P pools of resuspended sediment to explain this. Urban 
(2009b) also noted, however, a longer-term correlation 
between annual means of Chl and TP across 1968–1997; 
the correlation was significant but not particularly strong 
(r2 = 0.38). In addition, primary productivity measured at 
the scale of a single incubation bottle over a single daylight 
period can be predicted with high statistical precision 
(r2 = 0.93) from light and temperature alone (Sterner 2010). 
Significant analytical variability has probably contributed to 
weak relationships between P pools and Chl; however, even 
with the present higher precision data, Chl is only weakly 
correlated to PP in the summer surface and not at all in 
summer at DCM depths. Interestingly, it is best correlated 
with PP in the deepwater samples, well below the zone of 
significant primary productivity (Table 5). Particulate P is 
correlated with POC at the DCM depths and in deepwater 
but not in the surface layer. Nonphotosynthetic microbes 
constitute a large fraction of particulate P in oligotrophic 
lakes such as Lake Superior (Biddanda et al. 2001), which 
may help explain this statistical uncoupling. In summary, 
some weak statistical associations between the presumed 
main chemical resource driving the system and measures of 
algal biomass can be identified, but changes in P pools are 
not likely major ecosystem drivers at seasonal–annual time 
scales or within water column layers. 
This seems to be the first study to identify significant 
vertical structure in any P pool in Lake Superior (Fig. 7B). 
This may be due to the use here of more sensitive, direct 
measure of this pool by filtering large volumes onto filters 
rather than measuring it as the difference of 2 small pools 
(TP − TDP). During summer stratification, highest PP con-
centrations are found in DCM depths. Unfortunately it is 
not possible to construct strong mechanistic arguments 
about P-biomass coupling, even here, due to a lack of 
similarly precise information on TP or TDP. Higher PP at 
DCM depths may be due to more complete scavenging of 
the DOP pool at this depth (which would require constant 
TP with depth but lower TDP in the DCM), or it may be due 
to mechanisms such as vertical migration and recycling that 
could concentrate P at DCM depths (which would require 
higher TP at DCM depths than above or below). 
Either there is a weak to nonexistent coupling of 
primary productivity or biomass to variation in pools of P 
over time scales represented here, or the available data lack 
sufficient precision to observe this coupling. Phosphorus 
pools are vertically heterogeneous offshore in the summer, 
but at present, clear examples of this variation driving any 
ecosystem rates cannot be identified. Carbon and P pools 
are changing over the seasonal cycle and with depth, but 
the evidence suggests they are based on different drivers. 
If true, this would be unexpected considering the low P and 
high N in this lake. 
Seston stoichiometry: The vertical dimension
The noted absence of tight correlations between P and C 
has a stoichiometric corollary, namely that seston C:P stoi-
chiometry varies over space and time in Lake Superior. 
Ecological stoichiometry explores how this variation affects 
food web dynamics and nutrient processing (Sterner and 
Elser 2002). Furthermore, spatial and temporal dynamics 
in seston C:N:P can potentially be used to help understand 
ecosystem functioning.
Urban (2009b) summarized multiple previous studies 
spanning 1973–2000 and noted a range of seston C:P of 
~100–400 (molar) with significant variation within as 
well as between years. He highlighted a drop in C:P from 
a mean of ~325 to a mean of ~200 during 1997–1998 and 
1999–2000. Because multiple studies were used to construct 
this long-term time series, he could not completely rule out 
methodological variation as contributing to the long-term 
trend, but the drop in C:P occurring around 1998 was 
observed even in one single study. 
POC PON PP Chl
Depth ≤ 20 m 
N = 69
POC 1.00 0.64* 0.15 0.61*
PON 1.00 −0.10 0.46*
PP 1.00 0.20*
Chl 1.00
21 < Depth < 40 m
N = 31
POC 1.00 0.45* 0.47* 0.73*
PON 1.00 0.27 0.40*
PP 1.00 0.075
Chl 1.00
Depth > 75 m 
N = 69
POC 1.00 0.46* 0.32* 0.42*
PON 1.00 0.12 0.29*
PP 1.00 0.63*
Chl 1.00
Table 5. Correlations among seston variables at selected depth 
intervals. Data from year round. 
*Values significant at p < 0.05.
DOI: 10.5268/IW-1.1.365
41C:N:P stoichiometry in Lake Superior
Inland Waters (2011) 1, pp. 29-46 
Seston C:N:P often varies with depth in lakes, 
but vertical profiles with good resolution are 
seldom reported. The summer vertical structuring 
of seston C:N:P in Lake Superior is apparent 
(Fig. 8). The time and space linkages of these 3 
elements can be presented in different and perhaps 
more useful ways (Fig. 12). Examining C and 
P (Fig. 12A), the data in their entirety resemble 
a “shotgun” in log C, log P space, which would 
argue for almost complete decoupling of C and 
P. Much of this variation, however, is associated 
with depth zone. Surface and deep samples have 
similar amounts of PP, but POC is higher in the 
surface than at depth. In the DCM, POC ranges 
widely while PP remains relatively high. Within 
the summer surface layer, PP is highly variable 
whereas POC varies little, again indicating a weak 
coupling between these 2 elements in the zone of 
highest primary productivity. The shallow slope in 
surface log POC versus log PP is consistent with 
the observations of Sterner et al. (2008) about 
shifting seston ratios; C:P ratios are highest (>400) 
where seston P is lowest. 
A similar set of patterns is visible in the PON 
versus PP plot (Fig. 12 B). Again, summer surface 
and deep seston samples differ mainly in PON, not 
in PP, whereas the DCM is relatively high in PP. 
Ammonium concentration is sometimes enhanced 
in DCM depths (Kumar et al. 2007), which adds 
some support to the hypothesis that recycling by 
vertically migrating organisms serves as a con-
centrating mechanism within this layer, although 
there is no apparent concentration of PON within 
seston in the DCM. The plot of POC versus PON 
(Fig. 12C) indicates that both POC and PON are 
smaller in deep samples than in the surface; in fact, 
all layers fall generally within the same range of 
C:N ratios (note also the similar means for C:N 
between surface and deep samples in Table 4). 
During summer stratification, seston is relatively 
more enriched in δ15N with depth, consistent with 
oxidative decomposition (Kumar et al. 2010). 
Imbalance of N and P
Is excess nitrate unusual? The nitrate to 
phosphate ratio in Lake Superior stands out in 
comparison to virtually all lake and ocean environ-
ments (Quan and Falkowski 2008), a clear case of 
an extreme. However, Lake Superior is not alone in 
exhibiting excess summertime epilimnetic nitrate. 
Reported values for summertime epilimnetic NO3
− 
for 29 large lakes, as a function of annual primary 
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productivity (Fig. 13), show that large lakes with excess 
summer nitrate all have comparatively low annual primary 
productivity. The highest summer [NO3
−] is seen in several 
large lakes in northern Europe (Vattern, Ilmen, Vanern, and 
Malaren) as well as the Laurentian Great Lakes (with the 
exception of Lake Erie which has a highly variable [NO3
−] 
of modest average). Although NO3
− values presented 
here are approximate and do not capture the within-lake 
variability, Lake Superior’s summer nitrate concentration 
is not an outlier among other large lakes of modest to low 
productivity. 
In considering how Lake Superior came to exhibit its 
extreme nitrate to phosphate stoichiometry, we can look 
to mechanisms that promote higher than usual nitrifica-
tion or to mechanisms that inhibit nitrate use. Nitrification 
typically is thought to be enhanced by high concentrations 
of ammonium; however, in Lake Superior, high ammonium 
is expected only relatively deep in the sediments where 
diffusion would limit exchange with lake waters. There 
are numerous other candidate hypotheses, at least 2 that 
connect directly with low primary productivity (Fig. 13). 
First, low productivity means limited demand for nitrate 
uptake. Second, low productivity means low availability 
of organic C, which is needed as a substrate for denitrifi-
cation (Knowles 1982). Support for organic C affecting 
nitrate accumulation in lakes was recently presented 
by Weyhenmeyer and Jeppesen (2010) who found that 
enhanced atmospheric N deposition led to reduced 
DOC:NO3
− ratios, which potentially limited NO3
− removal 
rates. A hypothesis linking low DOC 
to high success of nitrifiers relative to 
heterotrophic bacteria was put forward 
recently by Taylor and Townsend 
(2010). Low organic C potentially ties 
into enhanced nitrate concentrations in 
multiple ways: 
1. limiting the occurrence of environ-
ments of low redox state and thus 
disfavoring denitrification; 
2. limiting denitifiers, some of which 
require organic C; and 
3. limiting microbial heterotrophs 
that otherwise might outcompete 
nitrifiers. 
Envelopes of expectations for 
TN and TP: Comparative studies of 
TN and TP in lakes and other aquatic 
habitats shed light on the functioning 
of N balancing mechanisms. Mean 
summer epilimnetic TN and TP are 
positively related across lakes, although 
not via a constant ratio (Fig. 14). 
Lakes with overall higher nutrient 
content exhibit much lower TN:TP ratios (as low as 
N:P = 1 g:g) than nutrient-poor lakes (N:P as high as 
250 g:g; Fig. 14). The overall drop in N:P as nutrient 
concentrations increase was explained by Downing and 
McCauley (1992) as a shift in the N:P ratio of character-
istic nutrient sources, from unfertilized fields (high N:P) to 
sewage (low N:P; Fig. 14). In the intermediate range of the 
data, the slope relating TN to TP is steeper (i.e., closer to 
one) than in the extremes of the data. The TN:TP ratio is 
not held constant in this region of the data, but this suggests 
that N balancing as defined here is more effective in the in-
termediate range of the data than at the extremes. 
Lake Superior is dilute in terms of P while nitrate is 
always high. Compared with global lakes, values for TP and 
TN (Tables 2 and 3) from Lake Superior fall at the edge of 
the envelope of points (Fig. 14). Its TN:TP ratio is among 
the few highest observed (Fig. 14B). Although not without 
peers in terms of TN:TP, Lake Superior lies at the extreme 
end of these many lakes. 
In terms of total element pools, Lake Superior is 
operating on the boundaries of observed TN:TP ratios. The 
putative historical trajectory suggests that the lake may 
have migrated within this data envelope and is now at the 
end of some regime of biogeochemical possibility. The 
question is whether the lake can continue to generate nitrate 
given its current operation at the edge of TN:TP envelopes. 
Mechanisms that should prevent further increases in NO3
− 
levels are unclear, however. Clearly this is an environment 
of extreme proportions between N and P. 
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Lake Superior as an end member
Lake Superior helps define the boundaries of achievable 
conditions. This large, pristine ecosystem can be considered 
extreme in several ways, yet in other ways it is typical. It 
is an environment of low TP and extremely low phosphate. 
Its nitrate and TN:TP are unusually high. Its nitrate to 
phosphate ratio is extremely high. Organic C is produced 
at modest rates but is probably efficiently used, mainly by 
shallow microbial grazers. Organic C availability to higher 
trophic levels and within the lake’s redox gradient is low. 
The food chain of this lake likely has a high number of 
trophic levels. An understanding of this vast and valuable 
ecosystem is beginning to emerge. 
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